We have developed an improved Agrobacterium-mediated protocol in plum (Prunus domestica L.) through the addition of 2,4-D to the regeneration media. This method has increased the regeneration efficiency of independent transgenic plants up to 10 fold over previous reports. DNA blot analysis of putative transgenic shoots revealed transformation efficiencies of up to 42% with an average of 25% over all trials. The method as described produces self-rooted transgenic plants in approximately 6 months. The high transformation rates coupled with the rapid plant establishment methodology makes it possible to utilize plum transformation both for the introduction of agronomically useful genes into this species, and as a model plant for functional genomics studies in Prunus spp., rosaceaous species, and woody plants in general.
INTRODUCTION
Plum improvement through genetic transformation has been reported for the development of Plum pox virus resistance (Hily et al., 2004; Malinowski et al., 2006) . The mechanism of resistance has been shown to be through RNA interference (RNAi) in which small interfering (si) RNAs with sequence homology to the PPV coat protein gene induce the destruction of invading viral RNA (Hily et al., 2005 (Hily et al., , 2007 .
Recently, RNAi suppression of gene function has been successfully employed to determine gene function (Waterhouse et al., 1998; Chuang and Meyerowitz, 2000; Schawb et al., 2006) . "Intron-hairpin" (ihp) constructs can be used to suppress the function of the targeted gene through the destruction of mRNA, regardless of gene copy number (Smith et al., 2000) . The study of gene function through these technologies relies on the ease of transformation. Research in Rosaceae genomics is generating a large body of gene sequence data (http://www.bioinfo.wsu.edu/gdr. Accessed 11 Feb 2008), and systems for analyzing gene function are a critical need for the application of this information to the genetic improvement of rosaceous species. While RNAi technology offers great potential for analyzing gene function in Rosaceae, its application is hindered by the difficulty, or currently the impossibility, of transforming most Rosaceous species, especially Prunus species (see review .
In our laboratory, a plum hypocotyl transformation method was developed (Mante et al., 1991) and later improved with an efficiency of producing transgenic lines at 4% (Gonzalez-Padilla et al., 2003) . In this paper we report modifications that have significantly increased the efficiency of the previously reported transformation system by up to 10 times. The high transformation rates coupled with rapid plant establishment make possible the application of this technique, not only for the introduction of agronomically useful genes into this species (Scorza et al., 1994 (Scorza et al., , 1995 Gonzalez-Padilla et al., 2003; Malinowski et al., 2006; Callahan and Scorza, 2007) , but also for highthroughput functional genomic studies.
MATERIALS AND METHODS

Agrobacterium Strains
A. tumefaciens strain EHA105 (Hood et al., 1993) carrying the plasmid pBINPLUS/ARS (Belknap et al., 2008) with the constructs shp1738 or lhp1741 (Georgi et al., unpublished) and the strain GV3101 (Holster et al., 1980) harboring the plasmid pHELLSGATE8 (Helliwell and Waterhouse, 2003) with the construct E2 (Hily et al., 2007) were used in this study. These constructs contained a plum pox virus coat protein (PPV-Cp) hairpin construct and NPTII selectable marker gene (Georgi et al., unpublished; Hily et al., 2007) .
The engineered A. tumefaciens strains were grown and prepared for infection as described in Gonzalez-Padilla et al. (2003) .
Plant Material, Transformation and Regeneration of Transgenic Plants
Mature seed hypocotyl slices from the cultivar 'Bluebyrd' were used as the source of explants. Plant culture media, culture conditions, explant preparation and transformation procedures used as treatment controls were performed as described by Gonzalez-Padilla et al. (2003) . Immediately following the 3 day co-cultivation of hypocotyl segments with A. tumefaciens on SRM without antibiotics, the hypocotyl slices were transferred onto SRM with 300 mg L -1 timentin (tim) and 80 mg L -1 kanamycin (km). After 5-8 weeks, when shoots began to appear, explants were placed onto SGM supplemented with 300 mg L -1 tim and 80 mg L -1 km. Following three weeks on SGM, green and vigorous shoot clusters were separated, labeled and placed onto fresh media. Shoot clusters were subcultured every 3 weeks on fresh SGM. When shoots reached 2-3 cm long they were separated from the cluster and transferred to RM supplemented with 40 mg L -1 km and 300 mg L -1 tim. In 3-4 weeks roots started appearing and after an additional 1-3 weeks, shoots were ready for acclimatization.
For acclimatization, rooted shoots were transferred to 3-inch-square peat pots containing Metro-Mix 510 potting medium (SUNGRO Horticulture, Bellevue, WA USA), and introduced into plastic bags which were sealed and maintained in a tissue culture growth room with a 16/8 h light/dark cycle, light intensity of 45-50 μE m -2 s -1 , and a temperature of 24±1°C. After 2 weeks, the plastic bags were fully opened. 
Effect of 2,4-D
To determinate the effects of 2,4-D, two concentrations were added during cocultivation (4.52 or 9.05 µM of 2,4-D) and compared with the zero 2,4-D control.
Confirmation of Transformation
DNA blots (Southern, 1975) were carried out to confirm integration of the transgenes into the plant genome following procedures previously used for plum (Scorza et al., 1994) .
RESULTS
The addition of 2,4-D during co-cultivation with A. tumefaciens significantly increased transformation efficiency (TE). The control using the methodology of Gonzalez-Padilla et al. (2003) produced a TE of 4.0% ± 1.6% (Table 1 ). The highest transformation efficiency, that is the number of independent transgenic lines recovered per hypocotyl slice explants exposed to A. tumefaciens, was 42 ± 6.9. These results are 10-fold greater than the rate reported by Gonzalez-Padilla et al. (2003) . The average TE over all 2,4-D co-cultivation experiments was 25%. The effects of 2,4-D level or A. tumefaciens strain were not significant.
DNA blot analysis of all shoots established in the greenhouse demonstrated that the selective procedure, as applied in this study, was efficient and only 7 of 219 regenerated shoots analyzed were non-transgenic escapes (data not presented).
DISCUSSION
Our results indicate that 2,4-D stimulates cell division and/or adventitious organogenesis from hypocotyl slices in plum. Pulses with 2,4-D have been shown to improve regeneration and/or transformation in other tree species (Villar et al., 1999; Yancheva et al., 2003; Pascual and Marin, 2005; Tang and Newton, 2005) .
While we report a TE of up to 42 ± 6.9%, this was obtained from sampling only a portion of the shoots regenerated from each cluster (up to 6 shoots/cluster) (Table 1) . Moreover, not all the kanamycin resistant clusters were analyzed due to the lack of rooting of some shoots or mortality of shoots during the acclimatization process. Fungal contamination during this stage is not uncommon and can also cause considerable losses (Pospisolova et al., 1999) . Therefore, the potential TE is higher than we report here.
In summary, we show that the plum transformation protocol as presented in this report is a simple, reproducible, highly productive system for developing transgenic plum lines. The system is ideally suited for the study of gene function. The entire process from co-cultivation to whole plant regeneration takes approximately 19-28 weeks. The transformation efficiency and time are superior to those for many other tree species and comparable to those published for other model woody plants, such as poplar (Populus) (Song et al., 2006; Cseke et al., 2007) . The availability of this highthroughput genetic transformation system now provides a dependable system for initiating studies related to the functional genomics of rosaceaous fruit tree traits, and for functional genomic studies of woody species in general. Petri et al., 2008. 379
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